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Matrix-assisted laser desorption/ionization (MALDI) and time-of-flight secondary ion mass
spectrometry (ToF-SIMS) analyses are compared to gain insight into some of the details of
sample preparation for MALDI analysis of synthetic polymers. ToF-SIMS imaging of MALDI
samples shows segregation of the cationization agent from the matrix crystals. The amount of
observed segregation can be controlled by the sample preparation technique. Electrospray
sample deposition minimizes segregation. Comparing ToF-SIMS and MALDI mass spectra
from the same samples confirms that ToF-SIMS is significantly more surface sensitive than
MALDI. This comparison shows that segregation of the oligomers of a polymer sample can
occur during MALDI sample preparation. Our data indicate that MALDI is not as sensitive to
those species dominating the sample surface as to species better incorporated into the matrix
crystals. Finally, we show that matrix-enhanced SIMS can be an effective tool to analyze
synthetic polymers, although the sample preparation conditions may be different than those
optimized for MALDI. (J Am Soc Mass Spectrom 1999, 10, 104–111) © 1999 American
Society for Mass Spectrometry
Matrix-assisted laser desorption/ionization(MALDI) techniques [1–5] have been devel-oped to determine the chemical structure of a
variety of industrial polymers [6–19]. Important infor-
mation that can be determined includes the monomer
mass, end group mass, and molecular weight distribu-
tion (including the number average molecular weight,
MN, the weight average molecular weight, MW, and the
polydispersity, PD). The chemical structure of a poly-
mer directly influences many polymer physical proper-
ties: tensile strength, elongation, brittleness, abrasion
resistance, chemical resistance, viscosity, adhesion, and
solubility [20].
MALDI is a laser desorption mass spectrometry
technique. The analyte material is carefully mixed with
a suitable matrix, typically a low molecular weight
organic acid, and the sample is irradiated with a laser
beam. The laser energy is absorbed by the matrix
crystal, causing it to rapidly dissociate and release intact
matrix molecules and small, volatile molecules, such as
carbon dioxide and water. These released gases carry
intact analyte molecules into the gas phase. Any ana-
lytes cationized by available protons (H1) or metals (for
example, Na1, K1, or Ag1) are subsequently mass
analyzed.
Since the introduction of MALDI, the development
of reliable sample preparation methods has been critical
to the success of MALDI experiments. Reliable MALDI
sample preparation involves choosing the solvent sys-
tem, the matrix, and the ionization agent correctly.
MALDI sample preparation is challenged by the chem-
ical diversity of synthetic polymers. It has become clear
that matching the solubility of the analyte polymer with
the solvent and the matrix is important [21]. It has also
been shown that the rate of solvent evaporation plays a
significant role in the sample preparation [22]. Recently,
electrospray sample deposition has been demonstrated
to markedly improve the homogeneity of the MALDI
sample surface, enabling the technique to be used for
the quantitative analysis of several peptide drugs [23].
Derrick and co-workers have also demonstrated im-
proved reproducibility and signal strength for both
peptide and synthetic polymer samples deposited by
electrospray [24].
Even before the development of MALDI, investiga-
tions of laser desorption experiments showed that the
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mass spectra can be influenced by the chemistry of the
sample [25]. In these experiments we will concentrate
specifically on issues involved in MALDI sample prep-
aration. To explore these issues we use time-of-flight
secondary ion mass spectrometry (ToF-SIMS) to probe
the surface of the MALDI sample. ToF-SIMS is an ion
desorption mass spectrometry technique specifically
developed to analyze the chemical composition of sur-
faces with high sensitivity [26–29]. ToF-SIMS uses a
pulsed high energy ion beam to probe the surface. The
primary ion beam strikes the analyte surface, transfer-
ring energy to surface species. Some of these secondary
species are charged and have sufficient energy to escape
the surface. These secondary ions are subsequently
mass analyzed. A significant advantage of most ToF-
SIMS instruments is the ability to obtain spatially re-
solved, chemically sensitive images of the surface.
These images are produced by rastering the primary ion
beam across the surface, and recording the initial posi-
tion and mass data for each detected ion.
Although ToF-SIMS is widely recognized as a sur-
face sensitive technique, it has been unclear precisely
what role the surface of the matrix crystals plays in the
MALDI experiment. Previous X-ray photoelectron spec-
troscopy (XPS) data indicate an enhancement of protein
at the surface of MALDI samples [30–32]. In these
experiments we intend to analyze the surface of MALDI
polymer sample preparations using ToF-SIMS and com-
pare the results to MALDI experiments of the same
samples. These comparisons will probe two different
aspects of polymer analysis by desorption mass spec-
trometry: (1) show the importance of surface species in
MALDI and indicate the role of the surface in a MALDI
experiment, and (2) explore the ability of ToF-SIMS to
analyze polymers in the presence of matrix. Previous
matrix-enhanced SIMS (MESIMS) experiments have
shown signal improvements for appropriately prepared
samples [33, 34].
Experimental
Chemicals
Tetrahydrofuran (THF) was obtained from Spectrum
Chemical Manufacturing (San Francisco, CA). Methanol
(MeOH) and acetone were obtained from Fisher (Pitts-
burgh, PA). Matrices 2,5-dihydroxybenzoic acid (DHB)
and 1,8,9-trihydroxyanthracene (dithranol) were ob-
tained from Aldrich (Milwaukee, WI). Silver trifluoro-
acetate (AgTFA) was obtained from Aldrich. Polymer
samples were obtained from Aldrich and BASF: poly-
methylmethacrylate (PMMA) 2900, polystyrene (PS)
2450, and polyethylene glycols (PEG) 400–1500 from
Aldrich; and polytetramethylene (PTMEG) 1000 from
BASF. All chemicals were used as received. Water was
obtained from our in-house deionized water system.
Sample Preparation
Typical MALDI sample preparation involved the prep-
aration of analyte and matrix solutions. The solutions
and mix ratios are listed in Table 1.
The final mixed solutions are then applied to a
substrate. For air dried samples, approximately 2 mL of
the mixture was applied to a substrate and allowed to
dry at ambient conditions. For electrosprayed samples
[23], the mixed solutions were sprayed through a 1/16
in. o.d., 0.01 in. i.d. stainless steel needle for 90 s with
the needle held 19 mm from the substrate. Spray
conditions varied for different polymer solutions:
PMMA sprayed at 2.9 mL/min at 5830 V, and PS
sprayed at 3.8 mL/min at 5970 V. To ensure a flat
surface for the SIMS imaging experiments, electrospray
substrates were front surface aluminum mirrors (Ed-
mund Scientific, Barrington, NJ).
ToF-SIMS sample preparation of PS 2450 involved a
1 mg/mL solution of analyte in THF. Approximately 1
mL of this solution was applied to a piece of cleaned
silver foil. The foil was cleaned by hand with a piece of
500 grit sandpaper and rinsed with methanol. The foil
was held at approximately a 45° angle and excess
solution was allowed to flow off the foil. It appeared
that most of the applied 1 mL evenly wet the piece of
foil. The solution on the foil air dried at ambient
conditions.
Mass Spectrometry
These experiments were conducted on a Physical Elec-
tronics (Eden Prairie, MN) TRIFT II time-of-flight mass
Table 1. Sample preparation data
Polymer Solvent Analyte solution Matrix
Mix ratioa
(analyte:matrix)
PMMA 2900 Acetone 5 mg/mL 0.1 M DHB 1:5
PS 2450 THF 5 mg/mL 0.25 M dithranol 1 10% AgTFA 2:7
PTMEG 1000 MeOH 5 mg/mL 0.25 M DHB 2:7
PEG 400 MeOH 2.8 mg/mL 0.25 M DHB 2:5
PEG 1000 MeOH 7 mg/mL 0.25 M DHB 2:5
PEG 1500b 1:3 MeOH:H2O 5 mg/mL 0.10 M DHB 1:5
PEG 1500c MeOH 5 mg/mL 0.25 M DHB 2:7
aAnalyte to matrix mix ratio by volume.
bSample preparation used for Figure 1.
cSample preparation used for Figure 7.
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spectrometer equipped with both a 69Ga liquid metal
ion gun (600 pA) for ToF-SIMS experiments and a N2
laser (Laser Photonics, 337 nm, 600 ps pulsewidth) for
MALDI experiments [35, 36]. The instrument measures
mass via time-of-flight, but incorporates both a short
linear flight tube and three electrostatic sectors for a
curved flight path. The total flight path is approxi-
mately 2 m. Ions are detected by a dual microchannel
plate (MCP) detector. Only positive ion mass spectra
are reported in this paper.
In MALDI mode we greatly attenuated the laser.
Experiments were done with laser fluence slightly
above threshold for MALDI. The optical system used on
the TRIFT instrument produces a very small laser spot,
a circle about 4 mm in diameter. Spectra were obtained
from 100 to 150 laser pulses. Desorbed ions were
extracted with an electric field imparting 3.2 kV of
kinetic energy. Ions experienced 7–10 kV of postaccel-
eration just prior to detection. The MCP detector was
held at 1350 V. Signal from the detector was digitized
and averaged in a digital oscilloscope (LeCroy 9350, 2
ns/channel, 200 ms record length, 200 mV sensitivity,
2790 mV offset).
In ToF-SIMS mode we typically used a 600 pA, 15 kV
(14 ns pulsewidth) bunched primary ion beam for high
resolution mass spectrometry, and a 600 pA, 25 kV (20
ns pulsewidth, 250 nm probe size) unbunched primary
ion beam for high lateral resolution ion imaging. Typi-
cal mass resolution at 15 kV was 7000 at 100 D. The
lateral resolution is both sample and secondary ion
yield dependent, but for our experiments at 25 kV was
typically about 1–2 mm. Typical repetition rates were
5–15 kHz. Total primary ion doses were less than 10212
ions/cm2. The raster areas varied from 50 mm 3 50 mm
for high resolution imaging to 400 mm 3 400 mm. The
secondary ions were extracted using an electric field
imparting 3.2 kV of kinetic energy. Ions experienced
0.2–10 kV of postacceleration just prior to detection. The
MCP detector was held at 1400 V. Signals from the
detector were processed by a multistop time-to-digital
converter with 138 ps time resolution. Data acquisitions
for mass spectra averaged between 5 and 10 min and for
images averaged between 10 and 22 min.
In static SIMS experiments of insulating samples,
surface charging is often a problem. The TRIFT instru-
ment is equipped with a pulsed charge compensator to
mitigate this problem. In these experiments, we did not
observe any problems with surface charging. Experi-
ments conducted with and without the charge compen-
sator produced the same results. Although polymer
films can be good insulators, leading to charging prob-
lems, the MESIMS samples are thin films primarily
composed of matrix with many defects where the
underlying metal substrate shows through. Either the
access to the metal substrate or the behavior of the
matrices apparently solves any surface charging prob-
lem.
Results and Discussion
The first set of experiments probed the chemical com-
position of the MALDI sample preparations with ToF-
SIMS. For each sample we collected ion image data for
all masses detected (the total ion image), and for spe-
cific ions of interest, such as, cationization agent (Na1
or Ag1), characteristic matrix peaks (for example, 137
and 154 D for DHB), and characteristic polymer peaks.
Figure 1 shows four ToF-SIMS ion images from a
sample of PEG 1500 prepared with DHB in 1:3 meth-
anol:water, and air dried. We expect to see large crystals
from such a slow drying solvent system. The scale of the
images is 400 mm 3 400 mm. Figure 1a is the total ion
image showing all ions. Figure 1b is the Na1 ion image.
Figure 1c is the DHB ion image (137 D), and Figure 1d
is the PEG 1500 ion image (500–2000 D). In the total ion
image we observe a cluster of large crystals. The DHB
ion image confirms that these crystals are primarily
DHB. The Na1 ion image shows that the salts are
located around the edges of the DHB crystals. The salts
are excluded from the organic crystal during this slow
crystallization process. The PEG 1500 ion image shows
that PEG 1500 ions are only observed in areas of overlap
between the matrix and cationization species. We must
have both matrix and cationization agent in close prox-
imity to observe cationized polymer species.
Figure 2 shows four ion images from a sample of
PMMA 2900 prepared with DHB in acetone, and air
dried. In this case we expect acetone to evaporate
quickly at ambient conditions, leaving behind signifi-
cantly smaller crystals. These images show only a 50
mm 3 50 mm field of view. The crystals observed in the
total ion image (Figure 2a) are much smaller than those
Figure 1. ToF-SIMS ion images from a PEG 1500 sample pre-
pared with methanol:water and DHB. (a) Total ion image. (b) Na1
image. (c) DHB image (137 D ion). (d) PEG 1500 ion image
(500–2000 D).
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observed for the methanol:water system in Figure 1a.
Despite the small size of the crystals, however, we still
see evidence of exclusion and segregation in the Na1
ion image (Figure 2b). As in the PEG 1500 case shown
above, the Na1 ions are observed only along the edges
of the DHB crystals, and the PMMA ions are observed
primarily along the overlap of the DHB and the Na1
ions.
These sets of images indicate that segregation occurs
in MALDI sample preparation of polymer samples. As
the matrix crystallizes during solvent evaporation, the
salts and perhaps some of the polymer are excluded
from the matrix crystal. We see this occur even for very
fast drying solvents like acetone. We know that we need
the analyte, the matrix, and the cationization agent in
close proximity for successful MALDI analyses. This
segregation can cause difficulties in developing new
sample preparation methods and in reproducibility of
existing methods. We need a sample preparation
method that minimizes segregation.
Figure 3 shows four ion images from a PMMA 2900
sample prepared with DHB in acetone and electros-
prayed instead of air dried. This sample was prepared
in parallel with the sample shown in Figure 2, and is
shown with the identical 50 mm 3 50 mm field of view.
The only difference is the manner in which the sample
is applied to the substrate. The total ion image (Figure
3a) shows no discernible features above a size scale of
about 1–2 mm, and indicates a homogeneous distribu-
tion of signal. A homogeneous distribution of signal is
also observed for the Na1, DHB, and PMMA 2900 ion
images. Electrospray sample preparation provides a
sample for analysis with segregation below 1–2 mm.
In parallel with the ion image experiments, we also
collected mass spectra from MALDI sample prepara-
tions in both ToF-SIMS and MALDI mode. Obtaining
ToF-SIMS mass spectra from matrix prepared samples
has been demonstrated to give some advantages in
signal intensity over typical ToF-SIMS sample prepara-
tions and has been called MESIMS [33]. In both the
MALDI and MESIMS experiments, ionization is accom-
plished by cationization of the oligomers by metal ions.
A direct comparison of the deposited energy for desorp-
tion is difficult. In MALDI we deliver a vast number of
337 nm (2.3 eV) photons and in MESIMS we deliver a
few 15 keV Ga ions. The key comparison is that MALDI
appears to be a bulk analysis, whereas MESIMS ana-
lyzes only the chemical surface of the prepared sample.
Figure 4 shows two mass spectra obtained from the
electrosprayed PMMA 2900 sample prepared with DHB
in acetone. These mass spectra correspond to the images
shown in Figure 3. A typical MALDI mass spectrum
(Figure 4a) provides a good measurement of the chem-
ical structure of PMMA. It has been demonstrated that
MALDI can quantify the chemical structure of narrow
polydispersity oligomer samples. In this case, we calcu-
late MN 5 2400 D and MW 5 2800 D, with PD 5
1.17. Figure 4b shows the mass spectrum obtained by
MESIMS of the same sample. We can observe the intact
oligomer distribution of the PMMA 2900, very similar
to the MALDI spectrum. MESIMS does produce signif-
icant fragments, typical of ToF-SIMS experiments, but
the oligomer chemical structure information is readily
available.
Figure 5 shows three mass spectra for PS 2450. The
MALDI and MESIMS samples were identical, prepared
from dithranol in THF and air dried. The ToF-SIMS
Figure 2. ToF-SIMS ion images from an air dried PMMA 2900
prepared with acetone and DHB. (a) Total ion image. (b) Na1
image. (c) DHB image (137 D ion). (d) PMMA 2900 ion image
(600–4000 D).
Figure 3. ToF-SIMS ion images from an electrosprayed sample of
PMMA 2900 prepared with acetone and DHB. (a) Total ion image.
(b) Na1 image. (c) DHB image (from the 137 D ion). (d) PMMA
2900 image (600–4000 D).
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sample was prepared from THF. The MALDI mass
spectrum shown in Figure 5a is a typical analysis of PS
2450. We calculate MN 5 2440 D and MW 5 2630 D,
with PD 5 1.08. The MESIMS mass spectrum (Figure
5b) produced no observed oligomer signal for PS 2450.
At lower masses we do observe fragment ions typical of
ToF-SIMS of bulk polystyrene, especially an intense 91
D peak [37].
To show that SIMS techniques are capable of analyz-
ing PS 2450, we prepared a sample of PS 2450 using a
traditional ToF-SIMS polymer sample preparation
method. This sample consists of submonolayer cover-
age of PS 2450 on cleaned silver. In Figure 5c we
observe a typical ToF-SIMS mass spectrum of PS 2450.
We calculate MN 5 2050 D and MW 5 2400 D, with
PD 5 1.17. It is interesting that the average molecular
weights measured by MALDI and ToF-SIMS differ by
about 20%. This effect has been previously observed,
and is not currently understood [19].
The polystyrene data indicate that there are no free
PS 2450 oligomers on the surface of the MALDI sample
preparation. The mass spectra indicate that the PS 2450
oligomers have been efficiently incorporated in the
dithranol crystals during crystallization. The fragments
observed in MESIMS indicate that only short portions
of the polystyrene oligomers are at the surface, similar
to the surface of bulk, high molecular weight polysty-
rene.
Figure 6 shows two mass spectra for PTMEG 1000
prepared with DHB in methanol and air dried. The
MALDI mass spectrum (Figure 6a) is a typical Na1
cationized spectrum of this material. From the MALDI
data we calculate MN 5 2000 D and MW 5 3400 D,
with PD 5 1.7. There is some debate over the accuracy
of the MALDI results for PTMEG 1000, and experiments
are still ongoing [38]. In any case, we observe a much
lower average molecular weight mass spectrum for the
MESIMS analysis (Figure 6b). For MESIMS, we calcu-
late MN 5 750 D and MW 5 1050 D, with PD 5 1.4.
Although MALDI has been shown to be a soft ioniza-
tion technique with little fragmentation, SIMS can, in
some cases, produce significant fragmentation. To eval-
Figure 4. Time-of-flight mass spectra of PMMA 2900 prepared
by electrospray using acetone and DHB. (a) MALDI mass spec-
trum. (b) MESIMS mass spectrum.
Figure 5. Time-of-flight mass spectra of PS 2450. (a) MALDI
mass spectrum prepared with THF, dithranol, and AgTFA. (b)
MESIMS mass spectrum prepared with THF, dithranol, and
AgTFA. (c) SIMS prepared with THF on Ag foil.
Figure 6. Time-of-flight mass spectra of PTMEG 1000 prepared
with methanol and DHB. (a) MALDI mass spectrum. (b) MESIMS
mass spectrum.
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uate the influence of fragmentation on our MESIMS
results for PTMEG 1000, we compared the low molec-
ular weight regions of the MESIMS and MALDI mass
spectra. The low molecular weight regions of both the
MALDI and MESIMS mass spectra are quite similar. We
do not see evidence for any significant fragmentation in
the MESIMS mass spectrum.
To further explore the issue of fragmentation of
polyethers during MESIMS analysis, we analyzed three
low molecular weight PEG standards by MESIMS.
Figure 7 shows three MESIMS mass spectra of PEG
standards. The PEG 400 (Figure 7a) and PEG 1000
(Figure 7b) mass spectra are relatively clean and readily
analyzed. The mass spectrum of PEG 1500 (Figure 7c) is
dominated by lower molecular weight fragments and is
typical of all of the higher molecular weight PEG
standards tested. In Figure 7, we see essentially no
fragmentation for PEG 400 and increased levels of
fragmentation for PEG 1000 to PEG 1500. Comparing
the MESIMS of PTMEG 1000 to the PEG MESIMS data,
we do not see evidence for the same type of fragmen-
tation in the PTMEG 1000 data. Although it is possible
that PTMEG 1000 exhibits a significantly different frag-
mentation mechanism under SIMS analysis than PEG
1000, it seems unlikely.
It is clear that MALDI is detecting more of the higher
molecular weight species than MESIMS. We know that
MESIMS is limited to detecting species from the molec-
ular surface of the matrix crystals, and we know from
the ion imaging work that segregation occurs in air
dried MALDI sample preparations. It appears that the
lower molecular weight oligomers of PTMEG 1000 are
populating the surface. This is evidence that the oli-
gomers of PTMEG 1000 are segregating during matrix
crystallization. The accuracy issues in the MALDI anal-
yses of PTMEG 1000 may hinge on the ability of MALDI
to equally detect analyte oligomers located at the sur-
face versus those located within the matrix crystal.
Although MALDI is recognized as a technique capa-
ble of quantifying many different industrial polymers, it
has distinct difficulties quantifying the relative amounts
of components in polymer blends [39, 40]. To investi-
gate the effects of surface segregation on MALDI blend
analyses, we prepared 1:1 molar blends of PEG 400 and
PEG 1000. These very low molecular weight oligomers
were chosen because we need component samples that
can be detected and quantified by ToF-SIMS (as dis-
cussed above in Figure 7).
Figure 8 shows two mass spectra of the 1:1 molar
blend of PEG 400 and PEG 1000. The results of the
MALDI and MESIMS analyses are shown in Table 2.
Although we obtain similar measures of the average
molecular weights, we observe a significant difference
in the measured relative blend composition. Interest-
ingly, under these conditions, neither technique mea-
sures a 1:1 molar blend composition. The MALDI
analysis shows greater intensity for the higher molecu-
Figure 7. MESIMS mass spectra of (a) PEG 400, (b) PEG 1000,
and (c) PEG 1500. All three samples were prepared with methanol
and DHB. Figure 8. Mass spectra of a 1:1 molar blend of PEG 400 and PEG
1000, (a) by MALDI and (b) by MESIMS. The sample was
prepared with methanol and DHB.
Table 2. Comparison of results for 1:1 molar blend of PEG 400
and PEG 1000
Technique Component MN (D) MW (D) Area
MALDI PEG 400 485 510 5000
MALDI PEG 1000 1000 1070 8800
MESIMS PEG 400 475 490 4000
MESIMS PEG 1000 950 970 3100
109J Am Soc Mass Spectrom 1999, 10, 104–111 INVESTIGATE MALDI SAMPLE PREPARATION BY TOF-SIMS
lar weight component; a result very consistent with our
research into MALDI of blend compositions [40]. On the
same sample, MESIMS analysis shows greater intensity
for the lower molecular weight component. This is more
evidence that components of a sample can segregate
during sample preparation. In this case, as with the
PTMEG 1000 example shown above, we observe evi-
dence for segregation of the lower molecular weight
oligomers at the surface of the sample.
The relative blend compositions measured by
MALDI and MESIMS indicate that MALDI does not
detect surface species as well as species located below
the detection depth of ToF-SIMS. This reinforces the
idea that successful MALDI sample preparation in-
volves good incorporation of the analyte within the
matrix crystal.
An additional result of these analyses is that we have
observed MESIMS mass spectra for a number of indus-
trial polymers. The sample preparation conditions for
successful MESIMS are at least as stringent as those for
MALDI, and they are not identical to MALDI sample
preparation conditions. For some samples, such as
electrosprayed PMMA 2900, we find excellent agree-
ment between the MESIMS and MALDI data. For other
samples, such as air dried PS 2450 1 dithranol, we
observe no oligomer signal for MESIMS. These data
indicate that MESIMS can be a valuable tool for the
investigation of industrial polymers, but it still requires
significant study to optimize the sample preparation
procedures.
Conclusions
ToF-SIMS is a useful and capable tool to investigate the
surfaces of MALDI sample preparations. Using ToF-
SIMS mass spectra and chemically sensitive imaging we
have shown that segregation occurs during typical air
dried sample preparations of oligomeric samples. This
segregation can be minimized using electrospray to
deposit the samples instead of ambient air drying.
A comparison of MALDI and MESIMS results shows
that MALDI is not a surface technique. MALDI mass
spectra are more dominated by species located in the
sample below the detection depth of ToF-SIMS. Our
MESIMS experiments indicate that MESIMS can be an
effective tool for the analysis of polymer samples, but
that significant work remains to develop consistent
sample preparation methods. Although the issues in-
volved in MESIMS sample preparation are related to
those in MALDI, the details of the preparation tech-
niques will differ.
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